INTRODUCTION
Contemporary models of plant primary cell wall architecture (Doblin et al., 2010;  Cosgrove and Jarvis, 2012) describe composites of semi-crystalline cellulose microfibrils that are closely associated with a range of cross-linking glycans, or hemicelluloses. This load-bearing network is embedded in a hydrated gel matrix comprising several subclasses of pectic polysaccharides, including homogalacturonan (HG), rhamnogalacturonan I and II (RGI and RGII) and xylogalacturonans (Caffall and Mohnen, 2009) . Although considerable progress has been made in elucidating the structures and biosynthetic pathways of the predominant wall polymers, very little is known about how complex and heterogeneous architectures are assembled in muro from these polymeric building blocks (Cosgrove and Jarvis, 2012) .
Arguably the best resolved example of post-secretion assembly and modification is that of HG, a polymer of α-1,4-linked D-galacturonic acid (GalA) residues that may be methyl-esterified at the C-6 carboxyl, or acetylated at the O-2 or O-3 positions. Current models suggest that HG is synthesized in a highly methylesterified form, but undergoes de-methylesterification in the apoplast by pectin methylesterase (PME) enzymes (Wolf et al., 2009) . Stretches of consecutive non-methylesterified GalA residues are then crosslinked with calcium (Ca 2+ ) as 'egg-box' complexes, resulting in the formation of a hydrated HG-Ca 2+ gel (Liners et al., 1992; Morris et al., 2009) , which can account for up to 70% of wall pectin (Jarvis and Apperley, 1995) . This gelation has profound effects on wall properties, including porosity, pH and other physicochemical attributes (Willats et al., 2001) , and has been associated with wall stiffening and a reduction in cell wall creep (Caffall and Mohnen, 2009; Wolf and Greiner, 2012) . Accordingly, immunological analyses suggest that the distribution of de-methylesterified HG epitopes correlates with areas of low wall extensibility (Wolf et al., 2012) . However, other data suggest that demethylesterification of HG results in wall loosening and an increase in tissue elasticity (Peaucelle et al., 2011) . This discrepancy may relate to the nature of the cell or tissue type and the biomechanics of individual cell walls in the context of complex tissues (Wolf et al., 2012) .
There is also evidence that HG plays a role in cell adhesion (Bouton et al., 2002) .
HG with a low degree of methylesterification (DE) or non-esterified HG is most
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6 abundant in the middle lamella, particularly at intercellular junctions and the corners of intercellular spaces (Bush et al., 2001; Parker et al., 2001; McCartney and Knox, 2002; Guillemin et al., 2005) , which are regions where intercellular biomechanical forces are greatest (Jarvis et al., 2003) . Ca 2+ is also present at high levels in the middle lamella, especially at the same load bearing junction areas (Rihouey et al., 1995; Huxham et al., 1999; Bush et al., 2001) , giving rise to the idea that Ca 2+ -HG gelation is biomechanically important. Furthermore, treatment of plant tissues with Ca 2+ -chelating agents, such as CDTA (cyclohexanediamine-N,N,N′,N′-tetraacetic acid), can induce partial or extensive cell separation (Ng et al., 2000; McCartney and Knox, 2002) , although this is apparently variable between tissues (Fry, 1998) . Additionally, it has been observed that the Cnr tomato mutant, which has a defect in cell adhesion, has a reduction in Ca 2+ -complexed HG, as well as lower levels of wall arabinan (Thompson et al., 1999; Orfila et al., 2001 ).
However, other reports indicate that Ca 2+ cross-linked HG may not always contribute to cell-cell adhesion, or that both Ca 2+ and HG-ester linkages play a role (Jarvis et al., 2003; Marry et al., 2006; Xu et al., 2011) , so this remains controversial.
An excellent organism in which to evaluate the mechanistic model of HG gel formation, and to elucidate pectin dynamics in vivo, is the desmid algal species Penium margaritaceum, which forms an intricate HG-rich lattice on its surface (Domozych et al., 2007a ). This provides an opportunity for direct, non-destructive visualization and experimental manipulation of the polymer-polymer interactions and wall assembly associated with this specific pectin domain in living cells. Moreover, Penium is a member of the charophyte green algae (CGA), the immediate ancestors of land plants, which are of particular interest for the study of the evolutionary origins of land plant walls. Indeed, a survey of a broad range of extant charophyte species suggested that the development of walls with land plant-like compositions took place during diversification within the charophytes and was likely a pre-adaptation to terrestrial colonization (Sørensen et al., 2011 cross-linked HG formation is largely indirect.
The goals of this current study were firstly to take advantage of Penium wall architecture to test the model of pectin domain deposition, and in particular HG aggregation. Secondly, we wanted to determine whether the HG lattice is structurally and functionally analogous to the HG-rich middle lamella of land plants and, as such, might represent an evolutionarily significant adaptation for land colonization. We generated a high resolution profile of pectin dynamics, fine structure and relationships with wall architecture by employing a range of biochemical and microscopic techniques, immunological studies of living cells and cell wall sections, and carbohydrate microarray profiling.
RESULTS

Penium cell wall architecture and sites of cell wall deposition
Penium is a cylindrical unicell, consisting of two semicells attached at a central isthmus zone ( Figure 1A) , which is the site of active wall expansion during cell growth and division (Domozych et al., 2009 (Domozych et al., 2007a ). This lattice is interrupted at the isthmus zone (Fig. 1A, B) , and at narrower, lateral bands that are found in variable numbers in each semicell (Fig. 1A, C) . FESEM imaging showed that the HG lattice adjacent to the lateral bands consists of projections that arise from the underlying wall and there was no evidence of fracturing, suggesting that they are not simply ruptures caused by mechanical stress. The isthmus zone is characterized by numerous HG fibrils that merge with the outer wall lattice along the isthmus edges (Fig.   1B) ; however, such fibrils are absent in the lateral bands (Fig. 1C) , indicating that pectin deposition occurs primarily at the isthmus. TEM imaging of the cell wall highlighted three layers: (1) an outer layer (OL) that contains the HG-rich lattice, (2) an inner layer (IL) consisting of cellulose (Domozych et al. 2011) and (3) an interfacing medial layer (ML) where components of the outer layer embed in the inner layer ( Fig. 2A ). An extracellular polymeric substance (EPS) coats the outer face of the OL. When Penium cells were briefly treated with CDTA (50mM, 4 h), the OL was shown to consist of numerous fibrils that are closely packed to form the lattice (Fig. 2B ). FESEM imaging also revealed that the surface pectin lattice is embedded in an underlying wall layer of cellulose microfibrils (Domozych et al., 2007a) that are predominantly orientated perpendicular to the long axis of the cell on the innermost wall layer (Fig. 3A) . In contrast, mature wall zones have a cross-meshed organization of fibrils (Fig. 3B ), punctuated with numerous pores (Fig. 3C ).
Localization of pectin domains within the mature wall and isthmus zone
Immunogold labeling using an expanded set of mAbs that recognize different pectin epitopes and TEM imaging were employed to generate a more detailed spatial map of pectin distribution and dynamics than we have previously described (Domozych et al., 2007a; 2009 ). The mAb JIM5, which recognizes HG with a relatively low degree of methylesterification (Clausen et al., 2003) , labeled both the OL lattice and ML (Fig. 4A ).
LM18, a more recently developed mAb with affinity toward HG with stretches of nonmethylesterified HG (Verhertbruggen et al., 2009) , yielded an almost identical labeling pattern ( Fig. 4B) to that of JIM5. This was also the case with PAM1 (Fig. 4C) antibody that labels HG with large contiguous stretches non-methylesterified GalA (Manfield et al., 2005) . The mAb 2F4, which recognizes Ca 2+ -complexed HG (Liners et al., 1989) , labeled the OL but not the ML (Fig. 4D) , while the mAb INRA-RU2, which binds to the RG-1 backbone (Ralet et al., 2010) , only labeled the ML (Fig. 4E ). Based on these labeling results, we subsequently used JIM5 or LM18 as a general marker for HG of the OL lattice, and 2F4 to specifically label Ca 2+ -complexed HG during the various experimental treatments reported here.
The cell wall of the isthmus is distinct from the rest of the Penium wall in that there
is an approximately 1µm region that is devoid of the OL lattice (Fig. 4F ). This zone corresponds to the region where new wall is deposited (see Fig. 1B ). Labeling of the isthmus zone and adjacent mature wall with 2F4 showed binding to the OL in the mature wall as before, but not the isthmus zone (Fig. 4G ). LM18 labeled both the outer lattice of mature wall zone and the ML zone of the isthmus (Fig. 4H ). This pattern was diametrically opposite to that seen with JIM7, a mAb that recognizes highly methylesterified HG (Clausen et al., 2003) , which only labeled the isthmus zone (Fig. 4I ).
The INRA-RU2 mAb labeled the ML of the isthmus as well as the mature wall outside the isthmus region (Fig. 4J ). Taken together, these distribution patterns suggest considerable spatial heterogeneity within the wall superstructure, and a precisely coordinated mechanism of wall deposition and post-secretion modification of the constituent pectin polymers.
Effect of experimental treatments on wall expansion
The symmetrical cylindrical shape of a Penium cell allows for quantitative determination of the cell wall surface area. Cells that are first live labeled with a mAb that binds to the OL HG can be returned to culture and after a prescribed period of time, examined for new wall zones marked by non-labeled zones (Domozych et al., 2011 
Effect of pectin modifying enzymes on lattice formation
The immunological analysis shown in Fig. 4 suggested that HG is secreted at the isthmus zone in a highly methylesterified form and is then de-methylesterified prior to formation of the HG lattice at the cell surface. To test the dependence of lattice formation on HG with the appropriate degree of methylesterification, cell cultures were incubated with exogenous PME for 8 h. This resulted in a dramatic change in lattice structure, as
shown by live-cell labeling of the cell surface with JIM5, which revealed a region of densely packed punctae in the newly synthesized wall, rather than the normal lattice ( Fig.   5A ). An identical pattern was seen when treated cells were labeled with 2F4 (Fig. 5B ).
FESEM imaging highlighted notable changes to the OL (Fig. 5C ), including small and incomplete stretches of interconnected HG projections (Fig. 5D ). TEM analysis of the altered wall region further confirmed the disappearance of the compact OL lattice and instead, the surface consisted of thin intertwined fibrils (Fig. 5E ). No structural alterations to the ML or IL were observed. The OL fibers and the ML of the PME treated cells still labeled with JIM5 ( Fig. 5F ), while 2F4 labeled just the OL fibrils (Fig. 5F ). In all experiments, the pre-existing cell wall was not affected by the PME treatment. When the treated cell cultures were washed to remove the PME and then grown in normal medium the typical lattice reformed within a few hours, initiating at the isthmus ( Fig.   5G ). This enzyme treatment and recovery 'pulse-chase' experiment suggested that while HG production and secretion are not affected by PME action, lattice formation and integrity requires the presence of HG with an appropriate DE.
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Similarly, cell cultures were incubated with PL, which catalyzes the eliminative cleavage of de-methylesterified HG. After 4-6 h of PL treatment the OL showed substantial disintegration at particular zones ( Fig. 6A ). TEM analysis of the PL-treated cells provided evidence of OL peeling away from the wall, leaving the ML and IL unaffected (Fig. 6B ). This was further highlighted by JIM5 immunogold labeling where the ML still retained label (Fig. 6C ). VPSEM analysis of PL-treated cells showed that removal of the OL began at lattice-free zones of the wall; specifically the isthmus and lateral bands ( Fig. 6D ; see also Fig. 6A ). After 36 h of PL incubation, the entire OL was virtually removed from the cell (Fig. 6E) ; however, the cylindrical shape of the cell was retained. After washing PL-treated cells and returning them to normal culture medium, a new lattice formed within 8h, initiating at the isthmus (Fig. 6F ). These results demonstrated that the OL lattice is not necessary for shape maintenance.
Formation of the HG-rich lattice is sensitive to Ca 2+ levels
Given the proposed profound importance of Ca 2+ in the rheological properties of pectinaceous cell wall matrices, and specifically on HG gelation, we investigated whether the concentration of Ca 2+ in the culture medium affects HG-rich lattice formation. Cells grown in the presence of 25 µm CaCl 2 (1/10 the normal level) exhibited swelling adjacent to the isthmus zone, an area corresponding to the newly formed wall (Fig. 7A ).
Both JIM5 and 2F4 immunofluorescence labeling show a dense and somewhat less intense aggregation of punctae, instead of the typical lattice, which first appeared at the isthmus and was then displaced outward during cell expansion (Fig. 7A, B ). Older zones of the wall appeared unaltered by the reduced Ca 2+ treatment (Fig. S1A ). When cells were returned to growth medium with normal levels of Ca 2+ (250 µM CaCl 2 ) for 6 h, the typical lattice formed in the newly synthesized wall, again starting at the isthmus ( Fig.   S1B ). In low Ca 2+ conditions the OL lattice appeared incomplete when imaged both with TEM ( Fig. 7C ) and VPSEM ( Fig. 7D ). Furthermore, in immunogold labeling studies the walls only weakly labeled with either JIM5 (Fig. S1C ) or 2F4 ( Fig. S1D ), suggesting that HG and HG-Ca 2+ levels, respectively, were substantially reduced.
In contrast, when cells were grown in a culture medium with ten times the normal level of Ca 2+ (2.5 mM CaCl 2 ), the lattice projections showed an irregular distribution and 2F4. Upon returning to normal medium conditions, the typical lattice reformed, initiating at the isthmus (Fig. S1F) . In all experiments with varying Ca 2+ concentrations, it is important to note this cation is also important for many other cellular processes/structures, which that could have been affected. However, the distinct alteration to the lattice observed in live cells under varying Ca 2+ concentrations and the rapid gelling of extracted Penium HG in the presence of Ca 2+ strongly suggest that the availability of this cation influences cell wall structure. 8C ) and addition of Ca 2+ to the extract caused their rapid gelation (Fig. 8D, E) . Gelation also occurred when the CDTA extract was mixed with salts of other cations (Fig. S2) . (Fig. 9A ) and TEM imaging of the transition zone between the isthmus and the mature wall showed that this was due to a lack of HG projections (Fig. 9B) . The small fibrils that formed instead did not label with JIM5, which only labeled the ML ( 9D ). The P70 incubation resulted in the appearance of numerous fibrillar masses in the OL (Fig. 9E ) that were recognized by JIM5 (Fig. 9F ).
The structures of individual
Effect of exogenous pectins with varying DE on lattice formation
Pectinase treatments suggest physical proximity of pectin polymer classes and a role for surface pectins in cellular adhesion
One of the technical challenges of detecting polysaccharide epitopes in intact cell walls is the potential for 'masking' effects, where the presence of one polymer blocks the binding of probes to other wall components (Marcus et al., 2008; Hervé et al., 2009 ). This can in some cases be addressed by treating tissue samples with glycanases to remove specific wall polysaccharides, thereby exposing previously inaccessible polymers. Such unmasking treatments can therefore also provide valuable information regarding the relative spatial distribution of epitopes within the wall architecture, and suggest close proximity or even indicate physical interactions between different polymers. We took this approach to investigate the distribution and the potential for such interactions between various classes of pectin polymers in living Penium cells.
The INRA-RU2 mAb, which binds to the RG-1 backbone, labeled the entire cell surface in the plane of the ML (Fig. 10A) Figure (10C, 10D) . A subsequent second treatment with arabinofuranosidase, which hydrolyzes arabinans, resulted in almost complete loss of LM6 signal (Fig. (10E) , confirming the nature of the epitope. The PLbased unmasking study thus suggests that the RGI and arabinan epitopes co-localize with HG in the mature wall ML and in the region adjacent to the isthmus and lateral bands, immediately after its deposition and de-methylesterification.
In previous analyses of desmid extracellular matrices, surface cell wall polymers were suggested to be important for adhesion to substrates (Domozych et al. 2007 ). Given our observations in this study that PME ( washed free of enzyme and the pectin lattice allowed to regenerate, adhesion was restored (Fig. 10I) , indicating that the HG-rich lattice is indeed critical for cellular adhesion. We note that the adhesion assay took place in the dark, conditions under which EPS is not produced and so we can conclude that adhesion was not EPS-mediated.
Carbohydrate microarray profiling of sequentially extracted cell walls
Another approach that can provide insights into physical interactions between cell wall polymers is to evaluate their extractability, and particularly co-extraction, from walls using various solvents. To investigate the pattern and extractability of pectin polymers from Penium walls, we performed a carbohydrate microarray experiment (Fig. 11 ) using an extended set of mAbs that recognize different pectin associated epitopes to probe extracts that had been sequentially solubilized from Penium wall material with CDTA and sodium hydroxide (NaOH). For comparative purposes, we similarly evaluated wall extracts from all three species and was more abundant in the CDTA solubilized material.
However, there were also some notable differences, and while RGI was more readily solubilized by CDTA than by NaOH from Penium and Arabidopsis walls, the converse was true for Physcomitrella. The LM6 and LM5 mAbs, which recognize arabinans or galactans, respectively, showed higher binding to extracts from the two land plant species than to those from Penium. However, in general, the mAb binding pattern indicated similarity in relative extractability of the pectin polymer sub-classes from Penium and
Arabidopsis. However, there is little direct evidence for this pectin assembly model occurring in vivo.
DISCUSSION
In this study, we took advantage of the unusual wall architecture and exposed surface HG-rich lattice of Penium to test this current model of HG deposition.
A model for HG assembly at the Penium cell surface
Immunological analyses using mAbs that recognize a range of pectin associated epitopes were used to monitor the spatial and temporal patterns of different pectin structures in the mature wall and the isthmus, the site of active Penium cell expansion. This suggests a model (Fig. 12) at the isthmus zone, serves as the foundation for the subsequent formation of the mature wall. Highly methylesterified HG is secreted at the isthmus (Fig. 12B ) and is embedded in the cellulose domain where it forms the HG aggregates of the ML. At the isthmus, the outer layer of HG is not present and the ML contains considerably smaller HG fibrillar aggregates. As more HG enters the wall during expansion, HG fibrils emerge onto the cell surface. During this displacement through the wall, the HG is de-esterified, most likely by PME enzymes (Fig. 12C) . The importance of demethylesterification for correct HG aggregation and lattice formation, in accordance with the model, was indicated by: (i) immunocytochemical analysis revealing demethylesterification at the point of lattice formation; (ii) in vivo perturbation of lattice formation by addition of exogenous pectins with a low DE, or precocious and abnormal lattice formation induced by pectins with a high DE (Fig. 9) ; and (iii) in vivo disruption of lattice formation by incubation with PME, including a 'pulse-chase' recovery experiment ( The other key element of the model is the cross-linking of newly demethylesterified HG chains by Ca 2+ at the cell surface (Fig. 12) . This too was suggested by both immunocytochemical analysis, using the 2F4 mAb to reveal ubiquitous Ca 2+ cross-linked HG in the OL, but its absence from the ML (Fig. 4D) , and also by studies with living cells. A reduction in Ca 2+ levels in the culture medium also prevented lattice formation in expanding areas of the wall. Addition of the chelator CDTA caused extensive lattice solubilization, confirming the essential role of Ca 2+ in HG aggregation in vivo.
Taken together, our data provide strong evidence that conformational changes in the HG fibrils occur during cross-linking and result in lattice formation. When Ca 2+ bridges align/organize assemblages of HG fibrils of a specific packing density, physical forces, such as an increase in hydrophobicity, may cause them to form the lattice ring units. 2008). However, the biophysical constraints or other factors that give rise to the distinctive lattice structure are currently unknown. We note that the Penium wall also contains a range of hemicelluloses (Sørensen et al., 2011) and, while not the focus of this paper, they will be considered in future studies of wall micro-architecture.
The Penium cell wall shows organizational and structural conservation with those of land plants at multiple scales
In addition to HG distribution and dynamics, we also looked at the patterns of deposition and possible polymer-polymer interactions of RGI, the other pectin polysaccharide suggested to be present in the Penium wall, albeit at very low levels We used the carbohydrate microarray analysis (Fig. 11) to compare the extractability of pectin polymers from the walls of Penium and both early (Physcomitrella) and later (Arabidopsis) diverging land plants. This allowed us to infer potential evolutionary conservation of molecular interactions within the wall. In general, similar patterns of epitope distribution were observed in all three species. However, RGI appeared to be more readily extracted from Penium and Arabidopsis walls with CDTA than NaOH, while Physcomitrella showed the opposite pattern, indicating a more extensive association by covalent linkages into the wall matrix. Pectinase treatments of live cells also gave insights into possible interpolymer connections, since PL treatment removed not only significant amounts of HG from the wall but also RGI and arabinan ( Fig. 10) , suggesting that they are physically associated.
In addition to demonstrating evolutionary conservation of the spatial distribution of different wall domains and polymer-polymer interactions within those domains, an important question is whether the individual polymers that form the microfibrillar structures of the lattice are also similar. Atomic force microscopy has been used to assess the structure and measure the size of individual pectin polymers/polymer complexes from land plants (Morris et al., 2009; Round et al., 2010) . We developed a protocol using TEM to visualize CDTA-extracted HG. The dispersed HG polymers were shown to be extremely similar in both appearance and dimensions (Fig. 8B, C) to those of CDTAextracted HG from land plants (Round et al., 2010) and they showed rapid Ca 2+ mediated gelling (Fig. 8D ). This suggests that the 'fibrous network' model of pectin long range gel structure (Morris et al., 2009 ) can be applied to all green plants that synthesize HG. An examination of the walls of extant members of the charophytes, the lineage that gave rise to land plants, has the potential to reveal ancestral features that may have allowed the transition from unicellular aquatic plants to multicellular land species with complex body plans. Penium is of particular interest in this regard as it is unicellular but its complement of wall polymers has considerable overlap with those of embryophytes (Sørensen et al., 2011) . As part of our studies of the deposition of the HG-rich lattice at the cell surface, we also determined that it has considerable adhesive properties ( Fig.   10F-I ) and as such may function, together with the EPS layer, in adhering to solid surfaces.
This observation has intriguing parallels with the Ca 2+ -HG gels of the middle lamella of embryophytes, which also form at cell surfaces and are thought to be important for intracellular adhesion. While the middle lamella is generally reported as being formed at the cell plate during cell division, the amount of material laid down at the cell plate would be insufficient to accommodate the often dramatic increases in cell wall surface area during cell expansion. Typical changes in cell volume are from 100 μm 3 to 10 7 μm 3 (Geitmann, 2010) and without continued deposition of wall and middle lamella polymers, dramatic thinning and loss of wall or middle lamella integrity would occur.
While not yet documented, we propose that development and expansion of the middle lamella in growing cells requires coordinated deposition of pectins that must first cross the primary wall. The mechanism for such a process is unknown, but it may involve the natural segregation, phase separation and self-assembly of polymers (McDougall et al., 1997; Matyjaszewski, 2011) , as has been suggested for pectinaceous middle lamella formation (Morris et al., 2009 and P. patens were similarly grown under using 16 h light/8 h dark photoperiod.
Arabidopsis was grown on 1.5% agarose-solidified MS medium (Sigma-Aldrich, St.
Louis, MO, USA) while Physcomitrella was maintained on 1.2% agarose-solidified Waris medium (Nichols, 1973) .
Live cell labeling and treatments
Live cell labeling of cells with mAbs followed the protocol of Domozych et al. (2009 Domozych et al. ( , 2011 . The antibody labeling buffer, except for 2F4, consisted of WHM (pH 7.2; contains 250 µM CaCl 2 ) and the blocking buffer was WHM with 0.5% w/v bovine serum albumin (Sigma-Aldrich). For 2F4 labeling, the pH of the labeling and blocking buffer was maintained at 8.2. Enzymatic un-masking was performed by washing cells with WHM and incubating them with 3 U/ml pectate lyase (PL) (Megazyme, www.megazyme.com; cat. number: E-PLYCJ) in WHM for up to 72 h at room temperature in the dark with continuous shaking. To confirm the presence of particular epitopes, cells were incubated with 1U/mL arabinofuranosidase (E-AFASE, Megazyme).
In longer-term studies with PL, enzyme concentrations were reduced to 1 U/mL PL. Cells were treated with PME (Sigma-Aldrich, cat. number: P5400) for 12 h at 250 µg/ml in WHM. After enzyme treatments, cells were washed with WHM and labeled with primary mAbs and secondary mAbs (TRITC-conjugated anti-rat, Sigma-Aldrich for JIM and LM mAbs; TRITC-conjugated anti-mouse, Sigma-Aldrich for INRA-RU2 ). An FM1-U2B93 PLANAPO 60x oil lens with a NA of 1.42 and working distance of 0.15 mm was used for acquisition of images. Cells were dispersed in WHM before preparing the slides.
Cell adhesion assays
Aliquots of thoroughly washed cells (e.g. 3X with WHM, shaking and centrifugation) were applied to the surface of a plastic Petri dish and allowed to settle for 5 min in the dark. The dish was then gently flooded with WHM and cell adhesion was imaged with a flatbed digital scanner. For the experimental treatment, freshly washed cells were incubated in PL (3U/ml) or PME (250 µg/ml) in WHM for 24 h. Cells were then washed and aliquots were similarly spotted on a Petri dish and flooded. For the recovery experiment, PL treated cells were washed three times with fresh WHM and placed back in culture for 24 h. At this time, cells were collected, washed and assayed for adhesion as above.
Extraction of cell wall material for carbohydrate microarray profiling or microscopic analysis
For the carbohydrate microarray analysis, cell wall material was obtained from the alcohol insoluble residue of freeze-dried Penium cells, P. patens leafy gametophytes and A. thaliana rosette leaves, sequentially extracted and subjected to microarray analysis using a range of mAbs, as in Sørensen et al. (2011) . Error bars represent the standard error mean of the values of three independent extractions and prints.
To obtain the CDTA extractable fraction for microscopic imaging, Penium walls were extracted as in Domozych et al. (2007a) , freeze dried, suspended in 50 mM CDTA (pH 6.5) and shaken at 22 º C for 6 h. Insoluble material was collected by centrifugation at 5,000 g for 5 min, the supernatant was collected and the wall pellet was washed with deionized water and re-centrifuged. This procedure was repeated 5 times and all www.plant.org on July 10, 2014 -Published by www.plantphysiol.org Downloaded from
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Scanning Electron Microscopy (SEM)
For variable pressure scanning electron microscopy (VPSEM), cells were collected, 
Transmission Electron Microscopy (TEM)
For TEM, cells were harvested, washed and cryofixed and freeze substituted as previously described (Domozych et al., 2005 (Domozych et al., , 2007a . For immunogold labeling, 60 nm sections were obtained using a Reichert Ultracut ultramicrotome, collected on Formvarcoated nickel grids and immunolabeled using the protocol of Domozych et al. (2007a) .
For high resolution analysis of the outer wall layer, cell walls were isolated by sonication, topology of the pre-existing wall (Pre) and after PME treatment (PME). D, Higher magnification FESEM image of the abnormal normal HG-rich lattice after PME
incubation. E, TEM image of altered wall of a cell treated with PME for 12 h. The outer layer (OL) no longer has the HG-rich lattice while the inner layer (IL) and medial layer (ML) appear unchanged. F, JIM5 immunogold labeling after treatment with PME for 12 h. Inset shows 2F4 labeling of the OL. G, JIM5 labeling after PME treatment followed by recovery (Rec) in fresh WHM. Area of newly synthesized HG-rich lattice is bracketed.
Scale bars: A=15 μm; B= 5 μm; C= 4 µm; D= 400 nm; E= 120 nm; F= 100 nm, inset= 200 nm; G= 6 μm. B= 12 µm; C= 500nm; D= 4 µm; E= 1.5 µm; F= 6 µm; G= 10 µm. and (G) after pre-treatment with pectin methylesterase (PME) or (H) PL, and (I) after a PL treatment followed by a recovery period in normal growth medium (Rec). Scale bars:
A= 12 µm; B= 8µm; C= 7 µm; D= 9.5 µm; E= 9.5 µm; F-I= 5 mm. P16 100 µg/mL 42.5 (+/-2.6%) P70 100 µg/mL 60.4 (+/-3.0%)
